ABSTRACT The effects of diet on the rate of triglyceride synthesis by rat liver homogenates was measured. Changes in triglyceride synthesis were correlated with the level of activity of L-aglycerophosphate acyltransferase, the enzyme catalyzing the first specific reaction in hepatic glycerolipid synthesis.
INTRODUCTION
The regulation of hepatic fatty acid synthesis has been studied by several investigators (1) (2) (3) . However, relatively little is known of the factors that regulate the hepatic synthesis of glycerolipids, including triglycerides and phospholipids. The liver is the major source of plasma triglycerides exclusive of chylomicrons. The factors that control hepatic triglyceride synthesis may contribute to the etiology of endogenous or carbohydrate-induced hyperlipemia (4) (5) (6) , the hyperlipemia of diabetes mellitus (7) , and some forms of fatty infiltration of the liver. The effetcs of several dietary changes on the rate of triglyceride synthesis by liver homogenates are reported in these studies.
The first specific reaction in endogenous glycerolipid synthesis is catalyzed by the enzyme L-aglycerophosphate acyltransferase [GPAT ( Fig.  1) ]. This reaction is common to the formation of many phospholipids and glycerides. The enzyme may be measured in liver by the L-a-glycerophosphate-dependent release of coenzyme A (CoA) from palmityl CoA. Previous investigators have suggested that the rate of esterification of L-aglycerophosphate may be important in the regulation of fatty acid synthesis (8) (9) (10) . Therefore, dietary effects on the activity or level of this enzyme in liver might be associated with changes in both fatty acid and glycerolipid synthesis.
In these studies, the activity of hepatic GPAT was correlated with the rate of triglyceride synthesis under various dietary conditions. In addition, the in vitro effects of changes in substrate and albumin concentration on reaction velocity were recorded. METHODS Materials. Palmityl CoA was prepared from palmityl chloride by the method of Seubert (11) . The product was identified spectrophotometrically as described by Srere, Seubert, and Lynen (12) . The 5 mg of albumin, and 0.354.65 ,uc of L-a-glycerophosphate-"'C in a total volume of 0.7 ml. The reaction was stopped by the addition of 13.3 ml of chloroformmethanol (2:1 v/v). Lipids were extracted, redissolved in benzene, and individual glycerides and phospholipids separated by thin-layer chromatography. Most of the radioactivity was recovered in the triglyceride fraction under the conditions of this assay. Radioactivity of samples isolated by thin-layer chromatography was determined by liquid scintillation spectroscopy. Activity is expressed in counts per minute converted to lipid per microgram of homogenate protein per 15 min.
Total liver triglyceride was determined by the dichromate reduction method (16) after separation by thinlayer chromatography in the solvent system n-hexanediethyl ether-glacial acetic acid (73: 25: 2). L-a-Glycerophosphate was determined in liver by the method of Nikkila and Ojala (17) . Protein was determined by the method of Lowry, Rosebrough, Farr, and Randall (18) . An isocaloric amount (0.7 g) of this diet was fed to the high corn oil group for every 1 g of control diet consumed by the pair-fed controls. Control rats were fed Purina Laboratory Chow containing 23% protein, 4.5%o fat, and 52% carbohydrate. The carbohydrate was composed of mixed starches and less than 5%o cane molasses.
Rats were pair fed isocaloric amounts of each diet for 6 days. Weight gain was similar for each group of rats.
RESULTS
Assay of L-a-glycerophosphate acyltransferase. The linear increase in release of CoA during a 20 min time period is shown in Fig. 2 . All determinations were performed within this time period. The relationship of activity to the concentration of microsomes is shown in Fig. 3 . There was a linear increase in CoA release when the microsomal concentration was increased from 0.1 to 1.5 mg of protein/ml of incubation mixture. Higher concentrations of microsomes regularly reduced enzyme activity. Therefore, microsomal preparations were diluted to an appropriate protein concentration before assay.
Omission of the sulfhydryl reagent, dithiothreitol, reduced activity approximately 20%. No increase in enzyme activity was observed upon the addition of up to 6 mmoles/liter of EDTA-2 Na, MgCl2, or CaCl2. Details of the effects of other additions will be reported elsewhere.2
The assay of GPAT activity by measurement of 2 Fallon, H. J., and R. Lamb. Manuscript in preparation.
CoA release was correlated with the simultaneous incorporation of L-a-glycerophosphate-14C into lipids (Fig. 4) (21) . A major product of the reaction would then be a monoacyl glycerophosphate and would account for the observed ratio of less than 2. This possibility is supported by finding the predominant radioactivity in a chromatographic spot tentatively identified as monoacyl glycerophosphate.2 The remainder of radioactivity is found in phosphatidic acid.
Effects of substrate and albumin concentration. The increase in GPAT reaction rate with increasing concentration of L-a-glycerophosphate is shown in Fig. 5 . The physiological range of L-a-glycero- phosphate (8, 22) in liver is indicated by the arrows. Alterations in L-a-glycerophosphate concentration as reported in various dietary (8, 17 , and Table I ) or hormonal states (20) may result in significant changes in the rate of this reaction in liver. A similar relationship exists for the other substrate of the reaction, palmityl CoA (Fig. 6) . The physiological range of long-chain acyl CoA content in liver (8) is shown in Fig. 6 . It is apparent that changes in long-chain acyl CoA content may also be associated with significant alterations in GPAT reaction rate. The activating effect of albumin on this reaction is shown in Fig. 7 . Bovine albumin in Tris buffer, pH 6.5, was added to the reaction mixture until maximum reaction rates were achieved. At concentrations of albumin higher than 8 mg/ml, the activating effect gradually diminished. A similar effect of albumin has been noted previously in studies of microsomal lipid synthesis (22) The maximum rate of L-e-glycerophosphate esterification by GPAT under optimum in vitro conditions was estimated to be 3.45 ,umoles/g of liver per hr. A similar calculation for triglyceride synthesis from L-a-glycerophosphate-14C by liver homogenates was 1.85 ,umoles/g of liver per hr. Since the substrate concentrations for GPAT in vivo are always significantly less than those used to measure the maximum activity in vitro, it is likely that the reaction velocity of GPAT in liver is significantly less than the maximum rate.
Effects of diet. The effects of fasting on endogenous lipid synthesis were studied and are shown in Table I . 'Fasting for 48 hr and 72 hr produced no change in the GPAT specific activity (defined here as activity per milligram of microsomal protein). However, a 46% depression in the total GPAT activity in the livers of fasted rats was noted, an effect largely attributable to a decrease in total liver weight. Total GPAT activity was 97.4 ± 34.9 U per liver in the fed rats and 52.9 + 7.9 U per liver in the fasted group, a significant difference (P < 0.01).
The liver concentration of L-a-glycerophosphate was also shown to decline after 72 hr of fasting (Table I) , which confirms previous observations (9). Fasting for 48 or 72 hr resulted in a marked depression in the over-all rate of triglyceride synthesis as measured by the incorporation of L-aglycerophosphate-14C into triglyceride by liver homogenates. A similar decrease in L-a-glycero- Table  II . The rate of incorporation of L-a-glycerophosphate into triglyceride was doubled by this diet when compared to rats fed chow. An 80% increase in hepatic GPAT activity was noted in the rats fed high glucose diets, but no change was noted in either L-a-glycerophosphate or triglyceride content.
Further studies have shown that high carbohydrate diets containing 64% fructose, 64% potato starch, or 32%o sucrose and 32% starch result in increased triglyceride synthesis and GPAT activity (Table III) . The diet containing 64%o starch was significantly less effective than the other carbohydrates in increasing the rate of L-a-glycerophosphate incorporation into triglycerides. All assays were conducted as described in ' Table I except that the palmityl CoA concentration for the GPAT assay was 0.5 mmole/liter. Six rats were used in each group. * Mean value for six rats fasted 44 hr was 1.76 ± 0.4. Six rats were fed the appropriate diet for 7 days. The control animals were fed chow and pair fed with rats fed glucose. All groups gained weight at approximately the same rate. All experimental diets contained 64% carbohydrate. The mixed starch-sucrose diet contained 32% starch and 32% glucose. The starch used was potato starch. The palmityl CoA concentration used in the GPAT assay was 0.45 mmole/liter. The differences between control values and those for rats fed high carbohydrate diets were all significant (P < 0.01) for both GPAT assay and the incorporation of L-a-glycerophosphate-14C into triglyceride. The increase in triglyceride synthesis in rats fed a 64% starch diet was significantly less than for other carbohydrates (P < 0.01).
Rats fed diets containing 40% corn oil showed significantly higher levels of GPAT activity than those fed high glucose diets [P < 0.01 (Table  II) ]. However, no significant increase in incorporation of L-a-glycerophosphate-14C into triglyceride or lecithin was observed in these animals. Incorporation of L-a-glycerophosphate into other phospholipid fractions has not been measured. The hepatic concentration of L-a-glycerophosphate was unchanged by the 40% corn oil diet. A marked increase in liver total triglyceride was observed in the rats fed corn oil. The mean total triglyceride for this group was 32.3 mg/g wet weight in comparison with 4.6 mg/g in the glucose fed rats and 3.8 mg/g in the control rats. Similar increases in the triglyceride content of liver of rats fed high fat diets has been observed previously (23) . DISCUSSION The measurement of GPAT in rat liver has been shown to be reproducible and linear with respect to time and microsomal concentration. The assay method used correlated well with the measurement of GPAT reaction rate with labeled substrate. The maximum activity of GPAT in normal rat liver was not in great excess of the simultaneously measured rate of triglyceride synthesis. This finding would suggest that hepatic GPAT activity is a potential rate-limiting reaction, and that changes in enzyme activity or content could contribute to the regulation of glycerolipid synthesis.
Dietary-induced changes in substrate concentration for GPAT might alter the rate of this reaction in vivo. The concentrations of substrates for GPAT, L-a-glycerophosphate, and long-chain acyl CoA derivatives have been measured in liver (8, 17) (4) (5) (6) . This effect is apparently exaggerated in many patients with carbohydrateinduced hypertriglyceridemia (7) . Increased en-dogenous synthesis of triglyceride is the presumed cause of the hypertriglyceridemia (7) .
The observed increase in hepatic triglyceride synthesis by liver homogenates from rats fed various high carbohydrate diets is evidence that an increased endogenous production of triglyceride does occur during carbohydrate feeding. Previous studies have shown an increase in fatty acid synthesis (24) and L-a-glycerophosphate dehydrogenase (25) during high carbohydrate feeding. These factors and the observed rise in hepatic GPAT levels may contribute to the increased triglyceride synthesis during high carbohydrate ingestion. The increased synthesis does not result in triglyceride accumulation in the liver.
The probable physiological importance of the observed twofold increase in the rate of endogenous triglyceride synthesis is suggested by the limited rate of triglyceride removal from plasma (26) . Increased triglyceride synthesis in the absence of fatty liver would be expected to result in hypertriglyceridemia when the capacity for removal from plasma is exceeded.
The effect of 40% corn oil feeding on glyceride synthesis is apparently more complex. High fat diets suppress fatty acid synthesis (27) but appear to simultaneously increase the specific activity of hepatic GPAT. This increase in enzyme activity was not accompanied by an increase in endogenous triglyceride synthesis from L-a-glycerophosphate. There was no increased incorporation of L-aglycerophosphate into lecithin in the rats fed 40% corn oil.
The high fat diet, unlike the high glucose diet, resulted in a fatty liver and possibly interfered with the release of lipid from the liver. The factors regulating lipid synthesis during high fat ingestion are currently under further study.
These studies have demonstrated that changes in the capacity of liver tissue to synthesize triglyceride in vitro are produced by alterations in diet. The dietary content of carbohydrate seems most important in mediating these changes. Further studies will be necessary to fully describe the mechanism of the carbohydrate-induced changes in the rate of hepatic glyceride production in vivo. ACKNOWLEDGMENTS This work was supported by U. S. Public Health Service Research Grant AM-09000, USPHS Training Grant AM-05503, and the Sinsheimer Fund.
